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NASA TT F-9194 

ELECTROMETRIC AMPLIFIEFG USING SUBMINIATURE: TUBES 

A. V.  Parshin and L. B. Ustinova 

Four versions of electrometric amblif iers with sub&- 

i a t u r e  tubes a re  discussed i n  t h i s  a r t i c l e .  The band pass 

i n  three  of these amplifiers i s  increased t o  40 -160 cps 

d t h  

her e 

an input res i s tance  of 100 G ohms. 

Technical da ta  concerning t h e  amplif iers  a re  presented 

and some spec ia l  features  concerning t h e  design of - 
economical miniature amplifiers by t h e  use of 

devices a r e  discussed. 

I n  addi t ion t o  the  conventional requirements placed on electrometr ic  am- 

p l i f i e r s ,  i . e . ,  a high degree of s e n s i t i v i t y  and s t a b i l i t y ,  modern experimen- 

t a l  technology places s t i l l  other requirements on these amplif iers ,  such as  a 

broad band, small dimensions, and low microphonics. 

A t  an input res i s tance  of 1011 ohms it i s  possible t o  obtain a uniform 

frequency c h a r a c t e r i s t i c  of 0 t o  150-200 cps. This r e s u l t  i s  obtained by using 

a cor rec t ive  f i l t e r  i n  t h e  negative feedback c i r c u i t  o r  by i n s e r t i n g  a pos i t ive  

frequency-dependent feedback ( r e f .  1). The use of thermionic tubes or a com- 

b ina t ion  of thermionic tubes and t r a n s i s t o r s  makes it possible  t o  reduce t h e  

power supply t o  u n i t s  or f rac t ions  of a w a t t  and t o  power t h e  amplifier from a 

/102" 

%umbers given i n  t h e  margin indicate  the  pagination i n  t h e  o r i g i n a l  foreign 

t e x t  . 
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r e l a t i v e l y  simple s t a b i l i z e r  using gas-discharge tubes o r  Zener diodes. The 

use of subminiature tubes and a l s o  a combination of subminiature tubes and 

semiconductor devices makes it possible t o  produce an e n t i r e  amplif ier  i n  a 

strong uni t  of small dtmensions. The connection of an electrometr ic  s tage t o  

an amplifier r e s u l t s  i n  a subs tan t ia l  decrease i n  the  capacitance of t h e  p l a t e  

c i r c u i t  of t h e  electrometr ic  stage,  thus determining t o  a l a r g e  extent  t h e  

frequency c h a r a c t e r i s t i c  and t h e  s t a b i l i t y  of t h e  amplif ier .  To obtain a 

broad band pass and a l o w  degree of d r i f t i n g  it i s  necessary t o  br ing t h e  gain 

i n  t h e  feedback loop t o  severa l  hundreds of thousands and t o  expand t h e  band 

pass of t h e  amplifier without feedback t o  severa l  kilocycles per second. The 

values of t h e  p l a t e  loads i n  t h i s  case reach 100 kilohms and i n  t h e  e lec t ro-  

metric s tage they reach several  megohms. A s  a r e s u l t  of the phase s h i f t s  i n  

the  p l a t e  c i r c u i t s  of the  multi-stage amplif iers  a t  frequencies of t h e  order 

of t e n s  of kilocycles per second, the negative feedback becomes p o s i t i v e  and 

the  amplifier may o s c i l l a t e .  For t h i s  reason, it i s  necessary to reduce t h e  

p a r a s i t i c  capacitance t o  t h e  minimum,  i n  p a r t i c u l a r  i n  the  case of high-ohmic 

p l a t e  c i r c u i t s .  I n  order t o  compensate f o r  t h e  phase s h i f t s  it i s  usual ly  

necessary t o  i n s e r t  correct ive RC f i l t e rs  i n t o  t h e  p l a t e  c i r c u i t s ,  reducing 

t h e  transconductance of t h e  decrease i n  t h e  frequency c h a r a c t e r i s t i c  of t h e  

dtsconnected feedback loop t o  magnitudes which do not exceed 6 decibels  per 

octave . 
The s e n s i t i v i t y  and t h e  s t a b i l i t y  of t h e  amplif ier  depend t o  a la rge  ex- 

t e n t  on t h e  parameters of the  electrometric tube, such as  t h e  g r i d  current ,  

t h e  l e v e l  of the  fl icker-noise,  t h e  voltage of t h e  microphoniceffect and t h e  p 3  

s t a t i c  coeff ic ient  of a m p l i f i c a t i o n p  

t h e  second s tage, /umust  be considerably grea te r  than one. 

To reduce the  e f f e c t  of t h e  noise of 

The voltage due t o  
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t h e  microphonic e f fec t  i s  determined not only by t h e  type of tube but a l s o  by 

t h e  s t a b i l i t y  of t h e  design of the  input c i r c u i t s  of t h e  electrometric ampli- 

f i e r .  Under t h e  e f fec t  of t h e  mechanical vibrat ions both the  shocks of t h e  

high megohm res i s tance  and t h e  lead of t h e  control  gr id  can f luc tua te ,  causing 

a change i n  the  input capacitance and t h e  modulation of t h e  s igna l  a t  frequen- 

c i e s  of mechanical resonance usually found i n  t h e  band pass. Beside t h e  sta- 

b i l i t y  of t h e  design, t h e  method of bracing t h e  tubes a l s o  plays a r o l e  here.  

It has been found advisable t o  a t tach t h e  electrometr ic  tube t o  t h e  mounting 

p l a t e  by means of t i g h t  t e f l o n  tape.  

Amplifiers with a low d r i f t  a r e  usual ly  b u i l t  according t o  a balanced 

symmetrical schematic by using a double electrometric tube i n  the  system, thus 

bringing about a minimum g r i d  current. I f  t h e  demands on t h e  magnitude of t h e  

d r i f t  a r e  not t o o  r i g i d  (e.g. ,  i n  the majority of wide-band amplif iers) ,  then 

it i s  more appropriate t o  use single-ended c i r c u i t s ,  t h e  dimensions of t h e  am- 

p l i f i e r  and t h e  input thus being reduced by approximately one h a l f .  

1. Push-Pull Amplifiers 

Three v a r i e t i e s  of push-pull amplifiers (balanced symmetrical) have been 

developed. 

samples have been produced. The three-stage amplif ier  uses p a r a l l e l  negative 

feedback. The first s tage uses an electrometric 1-1 pentode with separate 

o u t l e t s  control l ing t h e  gr ids  and plates .  The use i n  t h e  l a s t  stage of a t r i-  

ode operation of a pentode together with an intense feedback decreases t h e  

output res i s tance  of t h e  amplif ier  t o  100 ohms. The tube fi laments,  the  

screen gr id  c i r c u i t s  and the  p l a t e  c i r c u i t s  of t h e  f irst  s tage a re  fed by t h e  

d iv ider  R4-Rlo. RC f i l ters  are inser ted i n t o  t h e  p l a t e  c i r c u i t s  of t h e  f i r s t  

and second stages t o  equalize t h e  frequency c h a r a c t e r i s t i c  of t h e  open loop. 

Based on one of these amplifiers ( see  the  diagram i n  f igure  1) s ix  
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The feedback voltages a re  reduced by d iv iders  R23, R24 and R2?, R26. The 

The feedback res i s tance  R i n  t h e  working arm feedback coef f ic ien t  i s  B z O . 5 .  

equals 10l2 or 10l1 ohms. 

polyfluoroethylene r e s i n  insu la t ion  and i s  placed next t o  t h e  electrometr ic  

tube. 

feedback of t h e  compensating arm f o r  t h e  purpose of improving t h e  s t a b i l i t y  of 

the  amplif ier .  

by capacitance of R 1 3 )  improves t h e  s t a b i l i t y  of t h e  system and t h e  res i s tance  

of t h e  amplif ier  . 

Switch S1, which chznges t h e  value of R, has a 

A res i s tance  R = 5 x 10 8 ohm i s  included i n  t h e  c i r c u i t  of t h e  negative 3 

A feedback t o  the  screen gr id  i n  the  f irst  s tage (not blocked 

- 853 

~ ~ ~~~ ~ ~~ 

Figure 1. Push-pull electrometric amplif ier  with negative 

feedback without compensation. 

A 100 microampere meter i s  connected between t h e  p l a t e s  of t h e  output 

tube and, therefore ,  t h e  amplifier output i s  not grounded. 

i s  obtained from a s t a b i l i z e r  using gas-discharge tubes providing two voltages : 

+l7O v f o r  t h e  e n t i r e  amplif ier  and -85 v f o r  c rea t ing  a b i a s  i n  t h e  feedback 

The supply source 
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divider .  

i s  housed i n  a s t e e l  cy l indr ica l  sheath 80 mm i n  diameter and 150 mm i n  height 

The amplifier can a l s o  be powered by a ba t te ry .  The e n t i r e  amplif ier  

and i s  connected by a f l e x i b l e  cable t o  t h e  supply uni t  where t h e  regulat ing /104 
mechanisms and t h e  output measuring device a r e  located.  Technical character-  

i s t i c s  of t h e  amplifier a re  presented i n  t h e  t a b l e .  

Amplifier Type R i n  G ohms K 

m e 
0 

(+1 

a, 
m 
*rl 
P 
k 

H 

PI 
I 

-P 
I 

Pi 

!z 
.rl 
E 
\ > 

E 
.\ 

-P 
k 
*rl 
k 
sa 

-. 
k 

0 
PI 

Push-pull 1000 and 100 l5OO-2OOO 0.3 0.01 0.05 20 5 - -  

25 4 2-3 Single-ended N o .  1 47 1700 50 1 - -  

Single-ended No. 2 100 2100 60 1 - -  25 3 I 

Semiconduct or 68 300-600 40 1 - -  1 5  1.5 - - 

Wide band miniature 100 800 160 0.5 0.1 40 1 .5  - - 

* I n  t h e  case of supply t o  the filaments from a separate  ba t te ry .  

2. Single-ended Amplifiers 

A. Amplifier with compensated pos i t ive  feedback ( f i g .  2 ) .  This ampli- 

f i e r  contains four s tages .  The voltage of t h e  pr inc ipa l  negative feedback i s  

taken from the  output of t h e  t h i r d  stage and from div ider  R 

high-ohmic res i s tance  i s  connected t o  t h e  g r i d  of the electrometric tube. The 

R16 and t h e  15’ 
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Figure 2. Single-ended electrometric amplif ier  with compensated pos i t ive  

feedback. 

(Compensation: C7 = 0.1 microfarad, R20 = 5 kilohms) 

voltage of the  compensating pos i t ive  feedback i s  taken from the  p l a t e  of t h e  

four th  s tage intended t o  produce a phase-shift of 1800 and through small capac- 

i t ance  C The 

i n t e n s i t y  of the  pos i t ive  feedback is  control led by adjust ing potentiometer 

( < 1 p f )  i s  a l s o  fed t o  the g r i d  of the  electrometr ic  tube.  1 

R22. 
push-pull amplif ier .  

dependent divider  of t h e  feedback RP1Cg have been added. Two types of ampli- 

f i e r s  have been produced; they d i f f e r  only with respect  t o  t h e  types of tubes 

used. 

The c i r c u i t  of t h i s  amplif ier  corresponds b a s i c a l l y  t o  one-half of a 

Only t h e  stage which reverses  t h e  phase and a frequency- 

I n  amplifier No. 1, t h e  electrometric EM-7 t r i o d e  and 1P4B pentodes 

were used. 

1Zh24B were used. 

push-pull amplifier.  The e n t i r e  amplifier i s  housed i n  a c y l i n d r i c a l  three-  

I n  amplifier No. 2, t h e  electrometric pentode 1-1 and pentodes 

The voltage s t a b i l i z e r  i s  t h e  same as i n  the case of t h e  

l a y e r  case (Armco i ron,  copper, Permalloy) 65 mm i n  a diameter and 145 mm 

high. Such a carefu l  screening i s  necessary when working i n  s t rong e lec t ro-  

magnetic f i e l d s .  
6 



I n  t h e  case of compensated amplifiers it i s  necessary t o  work out i n  de- 

t a i l  t h e  design of the  input s tage and i t s  screening from t h e  other s tages ,  

s ince p a r a s i t i c  feedbacks through the d i s t r i b u t e d  capacitance can sharply nar- 

row down t h e  band pass or alter t h e  form of t h e  frequency c h a r a c t e r i s t i c s  and 

the t r a n s i e n t  c h a r a c t e r i s t i c s .  For t h i s  reason, the  electrometr ic  s tage has 

addi t iona l  screening with t h e  regular case and t h e  number of leads coupling it 

t o  the  r e s t  of t h e  c i r c u i t  i s  made as small as possible.  

Amplifiers No.  1 and No.  2 a r e  p r a c t i c a l l y  t h e  same with respect t o  t h e  

e l e c t r i c a l  parameters (see the tab le) ,  but t h e  voltage due t o  the  microphonic 

e f f e c t  i s  2-3 times l e s s  i n  amplifier No. 2. I n  addi t ion t o  t h i s ,  it i s  more 

s t a b l e  with respect  t o  the  changes i n  t h e  ambient temperature and humidity. 

B. 

t r i o d e  electrometric s tage and four t r a n s i s t o r  stages with 100 percent feed- 

back. The voltage d iv ider  feeding the individual  p a r t s  of t h e  c i r c u i t  i s  made 

up of s i l i c o n  zoner diodes D1-D4. 

with t h e  use of n-p-n and p-n-p type t r a n s i s t o r s  makes it possible  t o  reduce 

the  supply voltage of the  amplifier and t o  compensate t h e  f ixed component vol t -  

age a t  t h e  output. 

crease t h e  s t a b i l i t y  of t h e  system. The band pass i s  increased a i d  of correc- 

t i v e  f i l t e r  RloC3C4 i n  the  negative feedback loop. 

oping t h e  system it became obvious t h a t  t h e  l e v e l  of t h e  inherent noises i n  

the  t r a n s i s t o r s  w a s  g rea te r  than the l e v e l  of t h e  noises i n  t h e  input c i r c u i t  

and t h e  f i r s t  tube.  I n  t h e  case of the t r a n s i s t o r  noise, r e l a t i v e l y  high 

frequencies predominate f o r  which the i n t e n s i t y  of t h e  regular  negative feed- 

back i s  small. t o  

t h e  cathode of L1made it possible t o  reduce t h e  t o t a l  noise almost t o  t h e  

Electrometric amplif ier  with t r a n s i s t o r s ,  ( f i g , 3 ) ,  i s  composed of an EM-7 

The use of a d iv ider  of t h i s  type along 

Local feedbacks in  the  c i r c u i t s  of emit ters  T2 and T3 i n -  

I n  t h e  process of devel- 

Additional feedback through capacitance C2 from emit ter  T 3 
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l e v e l  of t h e  noises i n  single-ended amplifiers N o .  1 and No. 2. 

A simple single-stage s t a b i l i z e r  with voltage s t a b i l i z e r  tube SG-2P serves 

as a supply source for t h e  amplifier.  

s t a b i l i z a t i o n  of t h e  r e c t i f i e d  voltage. The amplif ier  i s  simple i n  design and 

does not require  t h e  se lec t ion  of t r a n s i s t o r s  due t o  t h e  presence of l o c a l  and 

general  feedbacks. I n  order t o  test  t h e  e f f e c t  of the  var ia t ion  i n  t h e  para- 

meters of t h e  t r a n s i s t o r s  i n  t h e  adjusted amplif ier ,  a l l  of t h e  four t r a n s i s -  

tors were replaced, after which there w a s  l i t t l e  change i n  t h e  system and 

parameters of t h e  amplifier.  

Diodes D l - D 4  a r e  used t o  improve t h e  

Figure 3. Single-ended electrometric amplif ier  with a correct ive f i l t e r  

i n  t h e  negative feedback c i r c u i t .  

C.  

tube electrometr ic  s tage and two 1Zh24B pentode amplif ier  stages.  

percent feedback with a correct ive f i l t e r  C1R16C2 which increases the  frequen- 

cy range. The c h a r a c t e r i s t i c  feature of t h i s  system i s  t h e  d i r e c t  coupling of 

Miniature wide-band electrometric amplif ier  ( f i g .  4), contains t h e  1Zh42A 

It has 100 
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t h e  fi laments and the  p o s s i b i l i t y  of supplying them from a separate low-volt- /io6 

age source, thus increasing t h e  economy of the amplif ier .  The coupling be- 

tween t h e  s tages  i s  car r ied  out by dividers composed of res i s tances  and voltage 

s t a b i l i z e r s .  This makes it possible t o  compensate f o r  t h e  difference i n  the  

l e v e l s  of t h e  f ixed  component without incurr ing a lo s s  i n  gain, s ince the  dy- 

namic res i s tance  of t h e  voltage s t a b i l i z e r s  does not exceed a few ohms. A 

r e l a t i v e l y  high l e v e l  of i n t e r n a l  noise i n  the  voltage s t a b i l i z e r  renders it 

u n f i t  for work i n  the  coupling divider of t h e  f irst  s tage.  I t s  noise i s  

hardly noticeable i n  the  following stages.  

screen gr ids  and p l a t e s  of t h e  f i r s t  s tage a re  fed by the  d iv ider  consis t ing 

of zoner diodes D -D t h i s  a l s o  making it possible t o  feed t h e  amplifier from 

e i t h e r  a b a t t e r y  or from t h e  power l i n e  through a simple s t a b i l i z e r .  I n  t h e  

case of most s i l i c o n  zoner diodes (especial ly  types D-811, D-813) t h e  region 

of s t a b i l i z a t i o n  begins with r a t h e r  small currents  a t  10-30 microamperes. I n  

t h i s  way it i s  possible t o  l i m i t  the  d iv ider  currents  composed of t h e  zoner 

diodes t o  a f r a c t i o n  of a milliampere and t h e i r  required power t o  one m i l l i -  

w a t t .  

The c i r c u i t s  of t h e  fi laments,  

6 9’ 

The amplifier load i s  a 50 microampere meter with addi t iona l  res i s tances .  

The output impedance of t h e  amplifier does not exceed about 10 ohms, due t o  an 

intensive feedback. However, a t  high frequencies where t h e  compensation f i l -  

t e r  reduces t h e  i n t e n s i t y  of the  feedback the  output impedance increases.  

Therefore, when observing rapid processes the  meter must be disconnected and 

replaced by an oscil lograph such as model ENO-1. 

The e n t i r e  amplifier ( f ig .  5 )  i s  housed i n  a c y l i n d r i c a l  three- layer  case 

There a r e  found i n  t h e  supply u n i t ,  i n  ad- 60 mm i n  diameter and 70 mm high. 

d i t i o n  t o  t h e  s t a b i l i z e r ,  t h e  meter and t h e  range switch. 

9 
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Figure 4. Diagram of a miniature broad-band electrometr ic  amplif ier  

with compensation i n  the negative feedback loop. 

I 

, ' I  

, 

Figure 5. Miniature broad-band amplif ier  with 

Conclusion 

screen removed. 

I n  t h e  case of t h e  ampl i f ie rs  which have been described t h e  s e n s i t i v i t y  

t o  t h e  current  i s  l imi ted  by the  current of t h e  noises  of t h e  input c i r c u i t  and 

10 



t h e  electrometr ic  tubes Inoise i n  the t a b l e )  and depends upon t h e  band pass, 

t h e  magnitude of high-ohmic resis tance R and t h e  type of electrometric tube.  

A s  indicated i n  Tef. 2, i n  the  case of amplif iers  having a high degree of sen- 

s i t i v i t y  t o  t h e  current and t o  narrowed band pass (fom7 2 1-3 cps) t h e  

f l icker-noise  of the  electrometric tubes predominates. The l e v e l  of the  

f l icker -noise  depends pr imari ly  upon t h e  type and design of t h e  tube, but, as 

t e s t s  have shown, t h e  l e v e l  can d i f f e r  by 2-3 times even i n  t h e  case of tubes 

of the  same type. I n  order t o  increase t h e  s e n s i t i v i t y  t o  t h e  current i n  t h e  

broad band it i s  advisable t o  increase res i s tance  R i n  t h e  feedback loop t o  

such magnitudes a t  which it i s  s t i l l p o s s i b l e ,  by means of compensation, t o  

obtain a given band pass. I n  t h i s  case the  signal-to-noise r a t i o  increases i n  

proportion t o  t h e  root  of R.  

frequency c h a r a c t e r i s t i c ,  both methods (pos i t ive  feedback and i n s e r t i o n  of a 

f i l t e r  i n  t h e  negative feedback loop) y ie ld  approximately the same r e s u l t s .  

The f i rs t  method i s  construct ional ly  more complicated and i n  some cases it i s  

necessary t o  use an addi t ional  tube t o  produce t h e  phase s h i f t .  

I n  regards t o  t h e  method of compensating t h e  

The noise w a s  measured most accurately i n  a miniature broadband e l e c t r o -  

metric amplifier.  

band,noise l e v e l  i s  obtained which i s  less than 5.10-l4a from peak t o  peak or 

l e s s  than LMS. It exceeds the r a t e d  thermal noise of res i s tance  R i n  

t h e  same band by not more than twice. 

I n  t h e  case of a res i s tance  of R = lo1’ ohms i n  the  160 cps 

a, 

The magnitude of the  zero d r i f t  depends t o  a great  extent on t h e  type of 

c i r c u i t  and t h e  temperature s t a b i l i t y  of i t s  components. The grea tes t  s t a b i l -  

i t y  i s  obtained with push-pull symmetrical c i r c u i t s  with a twin electrometr ic  

tube i n  which wire-wound res i s tances  a r e  used. I n  t h e  case of s imilar  s ingle-  

ended amplif iers  the  d r i f t  magnitude i s  2-3 times grea te r .  I n  t h e  case of an 

11 
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electrometer with a semiconductor amplifier t h e  d r i f t  was not measured but, 

according t o  t h e  observations made during t h e  equation, t h e  d r i f t  i s  shown t o  

be not very much grea te r  than i n  the case of a tube-type electrometric ampli- 

f i e r .  The voltage of the  microphonic e f f e c t  and i t s  frequency depend not only 

upon t h e  type of tube but a l s o  on the manner of mounting t h e  input s tage of 

t h e  amplifier . 
A l l  t h e  amplifiers (except the  miniature broad-band amplif ier)  a re  b u i l t  

with conventional components ( res is tances  MLT-0.5 and wire-wound res i s tances ,  

condensors BM, MBM, E O - 1  and XTK) and have approximately t h e  same dimensions. 

ULM r e s i s t o r s  and MBM and KLS condensors a r e  used i n  t h e  l a s t  amplifier.  The 

dimensions of the  amplifier a re  reduced by one h a l f ,  but t h i s  i s  not the l i m i t .  

The power needed by t h e  amplifiers from t h e  sources (ba t te ry  or r e c t i f i e r  

with s t a b i l i z e r )  does not exceed 5 w a t t s .  

consumed i n  t h e  dropping res i s tances  of t h e  filament c i r c u i t s .  The required 

power decreases a great  d e a l  when the fi laments a r e  supplied from a separate 

source ( i n  the  case of a miniature broad-band amplifier down t o  0.3 w a t t  and 

i n  t h e  case of a semiconductor amplifier down t o  0.5 w a t t ) .  

amplifier,  having somewhat b e t e r  parameters, may not be i n f e r i o r  t o  t h e  semi- 

conductor amplifier from t h e  standpoint of economy. 

The grea te r  p a r t  of the  power i s  

Thus, the  tube 
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